Cephalosporium acremonium was cultivated in fermentation medium containing sucrose or methyl oleate as a carbon source for cephalosporin C production. The level of antibiotic production was 48 g of cephalosporin C per liter under optimum conditions when methyl oleate was used. The C18:1 (oleic acid) methyl ester appeared to be utilized faster than the C18:2 (linoleic acid) methyl ester in fermentation broth. Physiological characteristics of C. acremonium were investigated by determining the fatty acid composition of the total cellular free lipid. Significant changes in cellular fatty acid composition occurred during inoculum cultivation and fermentation. The percentage of C18:1 increased from 19.1 to 38.5%, but the percentage of C18:2 decreased from 56.7 to 36.1%, and there was an increase in pH during inoculum cultivation. The cellular fatty acid composition of C. acremonium grown in fermentation medium containing methyl oleate (methyl oleate medium) was significantly different from that in fermentation medium containing sucrose (sucrose medium). The major fatty acids detected were C16:0 (palmitic acid), C18:1, and CM8:2. In methyl oleate medium, the ratio of C18:1 to C18:2 increased from 034 to 137, while the cell morphology changed from hyphae to arthrospores and conidia. In contrast, in sucrose medium, the ratio of Cj8:1 to C18:2 decreased from 0.70 to 0.43, and most of the cells remained hyphal at the end of fermentation. We observed that hyphae contained a higher proportion of C18:2 but arthrospores and conidia contained a higher proportion of C18:1l
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Optimum synthesis of P-lactam antibiotics produced by fungi is largely dependent on the available carbon sources. For example, commercial penicillin production typically employs controlled-rate feeding of glucose to alleviate catabolite repression (23) . Cephalosporium acremonium, which produces cephalosporin C, is also subject to catabolite regulation. The key enzyme for regulation is deacetoxycephalosporin C synthetase (expandase), which catalyzes ring expansion of penicillin N to deacetoxycephalosporin C. This enzyme has been identified as a crucial site of catabolite repression by glucose (1, 8, 17, 26) . Therefore several alternative carbon sources, such as methyl oleate, soybean oil, and rice oil, are used for commercial cephalosporin C production to minimize catabolite repression (12, 21) .
C. acremonium produces four morphological cell types that represent stages in the growth cycle: hyphae, arthrospores, conidia, and germlings. Morphological differentiation of C. acremonium appears to be related in some way to synthesis of cephalosporin C. The maximum rate of cephalosporin C production coincides with the conversion of hyphal fragments to arthrospores (18, 20) . The effects of methionine have been investigated extensively with regard to cephalosporin C synthesis (5, 15, 19) . Addition of methionine to the fermentation medium has been reported to enhance antibiotic production. It is well known that methionine not only serves as a sulfur donor for antibiotic production and an inducer of certain enzymes, including 8-(L-cc-aminoadipyl)-L-cysteinyl-D-valine synthetase, isopenicillin N synthetase (cyclase), and expandase, but also has a regulatory function and stimulates arthrospore formation during fermentation (2, 3). There have been few studies of the effect of methyl oleate on cephalosporin C synthesis, and it is not clear how methyl oleate affects physiological characteristics of C. acremonium (4, 12, 19) . Thus, it is necessary to investigate cellular lipid composition and its relationship to antibiotic * Corresponding author. Phone: (336) 34-9450. Fax: (336) 32-2784. production. In a previous study performed to elucidate the change that takes place in the fatty acid compositions of both microorganisms and fermentation broth (11), cephalosporin C production by C. acremonium appeared to be accompanied by an increase in the relative amount of cellular linoleic acid. The lipid composition of another cephalosporin C-producing fungus, Paecilomyces persicinus, was also investigated in order to gain a better understanding of the link between cell differentiation and secondary metabolism (22) . Total lipid yield was related to antibiotic production, even though all fatty acids exhibited minor variations and none displayed a direct correlation with cephalosporin C yield.
To further expand our knowledge of the physiological characteristics of C. acremonium engaged in cephalosporin C synthesis, we examined cellular fatty acid composition during cultivation in inoculation medium and fermentation medium containing methyl oleate or sucrose as a carbon source. In addition, characteristics of methyl oleate consumption were investigated by monitoring the fatty acid composition of residual methyl oleate. The possible relationship of the fatty acid composition of cellular free lipid to cephalosporin C production and morphological differentiation of C. acremonium is discussed in this paper.
MATERIALS AND METHODS
Strain and culture conditions. A strain that produces high levels of cephalosporin C, C. acremonium S71, was used throughout this study. 20 g of glucose, 10 g of (NH4)2SO4, 10 g of CaSO4, and 30 g of CaCO3 (pH 7.2). The preparations were fermented at 25°C for 6 days until the residual methyl oleate or sucrose was consumed completely. Aeration (0.5 to 1.0 wm), agitation (300 to 550 rpm), and inner tank pressure (0.5 to 1.5 kg/cm2) were controlled to maintain the dissolved oxygen level in the fermentation broth at no less than 30% of saturation. The pH of the fermentation broth was maintained between 5.5 and 6.5 by adding 30% NH40H solution or a 10 N H2SO4 solution. During fermentation, 2,000 ml of methyl oleate was added at 70 h; when sucrose medium was used, 500 ml of a sucrose solution (80 g liter -') was added four times to avoid catabolite repression. The sucrose solution was added at times when the total sugar content of the fermentation broth was between 10 and 20 g liter-'. Based on the final volume of fermentation broth, the total methyl oleate content was 170 ml liter-', and the total sucrose content was 150 g liter-l. Liquid samples (50 ml) were collected during inoculum cultivation and fermentation for lipid analysis. The cells in the liquid were sedimented by centrifugation. The sedimented cells were washed with a physiological saline solution and then lyophilized. The dried cells (approximately 500 mg) were weighed and resuspended in a saline solution, and total lipids were extracted as described below.
Extraction of lipids. Total lipids were extracted by the modified methods of Bligh and Dyer as described by Kates (14) . The lipid extracts were concentrated under a stream of nitrogen gas or by flask evaporation and then dried under a vacuum, and the lipid extract weight was determined gravimetrically.
Thin-layer chromatography. Total lipids were characterized by thin-layer chromatography on glass plates (20 by 20 cm) coated (thickness, 0.6 to 1.0 mm) with Silica Gel G 60 (commercial precoated thin-layer chromatography plates; Supelco, Bellafonte, Pa.). Ascending chromatography was carried out in a lined chamber by using the following solvent systems: (i) diethyl ether-benzene-ethanol-acetic acid (40:50:2:0.2, by volume) as the first solvent (used to develop one-half of each plate) and hexane-diethyl ether (96:4, by volume) as the second solvent, to separate neutral lipids; and (ii) chloroformacetone-methanol-acetic acid-water (50:20:10:10:5, by volume), to separate polar lipids (24) . The components were visualized by exposure to iodine vapors, by acid charring, by exposure to ninhydrin (for amino acids), and by exposure to molybdate (for phosphates) (25) . The identities of components were determined by comparing Rf values with Rf values of known, established standards (24) .
Analytical methods. A sample of a total lipid extract (approximately 10 mg) was hydrolyzed in NaOH-saturated anhydrous methanol at 100°C, and then the free sterols and sterols derived from alkali-labile sterol derivatives (e.g., sterol esters) were removed by extraction with petroleum ether (7) . The remaining alkali hydrolysate was then neutralized with 1 N HCl, taken to dryness, and hydrolyzed in 2.5% anhydrous methanolic HCl (13) . The fatty acid methyl esters were extracted with petroleum ether and analyzed by gas-liquid chromatography-mass spectrometry. The gas-liquid chromatography-mass spectrometry analyses were performed with a Hewlett-Packard model 5890 series II gas chromatography and a model 5970 series mass selective detector equipped with a Hewlett-Packard model 9144 data system. The column used was a Hewlett-Packard Ultra 1 column, a cross-linked methyl silicone gum capillary column (25 m by 0.2 mm [inside diameter]; film thickness, 0.33 ,um). The column was operated at a He pressure of 7 lb/in2, and the temperature was increased from 60 to 300°C at 4°C/min and then kept constant.
The packed mycelial volume was measured by centrifuging 50 ml of fermentation broth at 3,000 x g for 10 min, and the supernatant was collected for further analyses. The cephalosporin C concentration in the supernatant of the fermentation broth was determined with a Waters Associates model 440 high-performance liquid chromatograph equipped with a ,uBondapak C18 column (Waters Associates, Milford, Mass.) and a UV detector. The glucose concentration was determined with a model 27 glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, Ohio). The residual methyl oleate content was determined gravimetrically by extracting 20 ml of the supernatant with 20 ml of hexane.
RESULTS
Cephalosporin C fermentation with C. acremonium. The typical time course of a cephalosporin C fermentation is shown in Fig. 1A . Cell growth occurred actively during the first 50 h, and then antibiotic was synthesized until most of residual methyl oleate was consumed. Antibiotic production occurred most actively during the period from 75 to 120 h, and during this time the cells changed from hyphae to arthrospores and finally to conidia. During the growth phase, only glucose was utilized for cell growth, and then methyl oleate began to be consumed for antibiotic production. As shown in Fig. 1A , cephalosporin C production was not correlated with mycelial growth, which is typical of antibiotic production (3). The level of cephalosporin C production was 48 g liter'-under optimum conditions. Since oxygen supply was the most critical factor for cephalosporin C production (9, 27) , the dissolved oxygen level was maintained at no less than 30% of saturation by controlling agitation speed, aeration rate, and the inner pressure of the fermentor.
When methyl oleate was replaced by sucrose as the major carbon source, cephalosporin C production was reduced significantly to only one-half of the level observed in methyl oleate medium. Another difference observed during fermentation in sucrose medium was that most of the cells remained in the hyphal state and did not change to arthrospores and conidia. However, the level of antibiotic production increased from 24.4 to 32.8 g liter ', and a complete change of cells from hyphae to arthrospores took place when only 2% (vol/vol, based on final volume) methyl oleate was added to sucrose medium.
Characteristics of methyl oleate consumption during cephalosporin C fermentation with C. acremonium. The fatty acid methyl ester composition of the residual methyl oleate in fermentation broth was determined to investigate the characteristics of methyl oleate consumption during cephalosporin C fermentation. Fatty acid composition of the total cellular free lipid of C. acremonium grown in inoculation medium. The physiological condition of the inoculum was a critical factor for cephalosporin C production during the main fermentation. With increasing cultivation time of the secondary inoculum in the 7-liter fermentor, the pH of culture broth increased from pH 6.57 to 7.98 at the end of cultivation, and cell growth continued to increase. The fatty acid composition of the total cellular free lipid of cells grown in inoculation medium is shown in Table 2 . The total cellular free lipid content increased from 3.4 to 5.4%
with an increase of pH. The major fatty acids were C,6:0, C18:01, C,18l, and Cl,,. C18.2 was the most abundant fatty acid, followed by C18. However, the ratio of C1,81 to C18:2 increased rapidly from 0.34 to 1.07 during the short 5-h period from 87 to 92 h. It is interesting that the inocula at different pH values exhibited different cellular fatty acid compositions.
In addition, the morphological change of cells from hyphae to arthrospores was examined microscopically during the time that the pH increased from 7.55 to 7.98. A tendency to arthrospore formation was observed in cells from the inoculum at pH 7.98. When the pH 7.98 inoculum was introduced into the main fermentation preparation, early arthrospore formation and cephalosporin C production occurred, but maximum antibiotic production was achieved with the pH 7.55 inoculum ( Table 2 ). This result suggests that the younger culture (hyphae) was a much better cephalosporin C producer than the older culture (arthrospores and conidia).
Fatty acid composition of the total cellular free lipid of C. acremonium grown in fermentation medium. Table 3 shows the As shown in Table 4 , the fatty acid composition of the cells from sucrose medium was significantly different from that of the cells from methyl oleate medium. However, the pattern of the changes in the total cellular free lipid content was similar to that observed in the cells grown in methyl oleate medium. The total cellular free lipid content increased to 11.1% and finally decreased to 6.3%. The major fatty acids were C18.1 and C88:2, and the relative amount of C18:2 was much higher than the relative amount of C18:1. The proportion of C18.1 decreased from 34.0 to 23.0%, but the proportion of C18.2 increased from 48.6 to 53.9%. Accordingly, the ratio of C18:1 to C18:2 decreased from 0.70 to 0.43.
As shown in Fig. 2 , much of the methyl oleate added to the medium was incorporated into the cells in the form of methyl ester and/or free acid. Thus, it is clear that methyl oleate contributed directly to the fatty acid composition of the total cellular free lipid of cells grown in methyl oleate medium.
DISCUSSION
Methyl oleate proved to be a better carbon source than sucrose, when the two carbon sources were used in tests for cephalosporin C production in this study. As has been found for the production of other antibiotics, the biosynthesis of cephalosporin C appears to be subject to carbon catabolite repression. Major differences between methyl oleate medium and sucrose medium were observed not only in antibiotic production but also in the morphology of C. acremonium during fermentation. Cephalosporin C production has been reported to be closely related to morphological changes in cells (18, 20) . It is well known that cephalosporin C is most actively synthesized at the time when hyphae are converted to arthrospores. However, microscopic examination indicated that most of the cells grown in sucrose medium were in the hyphal state, but the cells grown in methyl oleate medium had completely differentiated from hyphae to arthrospores and conidia. Therefore, the lower level of cephalosporin C production in sucrose medium might have been due to a lack of morphological change from hyphae to arthrospores, as well as to catabolite repression of expandase. Moreover, our results showed that hyphae contained a higher proportion of C1882, but arthrospores and conidia contained a higher proportion of C18:1. A It is evident that the changes in the fatty acid composition of the cellular free lipid were caused mainly by incorporation of methyl oleate into C. acremonilnm. The change in total cellular free lipid during fermentation when methyl oleate medium or sucrose medium was used may have been associated with cellular differentiation and antibiotic synthesis, as it has been reported previously that lipid changes may be part of an age-related mechanism which regulates cell growth and cellular differentiation in P. persicinus (22) . Since the ratio of unsaturated fatty acids to saturated fatty acids is widely recognized as an important factor that affects the membrane fluidity of cells (6, 10, 16) understood yet how changes in the physicochemical properties of a cell affect cephalosporin C production. On the basis of our results, we suggest that methyl oleate, especially C18:l methyl ester, may play a regulatory role in the morphological change of cells, as well as cephalosporin C synthesis, even though more investigation is needed. This suggestion is strongly supported by the observation that supplementation of sucrose medium with methyl oleate stimulated antibiotic production and differentiation of hyphae to arthrospores.
